Introduction
Excessive production of nitric oxide (NO) has been implicated in neuronal cell death and demyelination in a number of CNS diseases such as multiple sclerosis, Parkinson's, Alzheimer's, and Krabbe's disease; bacterial/viral infections; cerebral ischemia; spinal cord injury (SCI); and in an inherited metabolic disorder of peroxisomes, X-adrenoleukodystrophy (Dawson et al., 1993; Koprowski et al., 1993; Bo et al., 1994; Vodovotz et al., 1996; Wada et al., 1998a,b; Akiyama et al., 2000; Gilg et al., 2000; Satake et al., 2000; Giri et al., 2002) .
Of the three isoforms of nitric oxide synthase (NOS), two isoforms are calcium-dependent and expressed constitutively (neuronal, nNOS, and endothelial, eNOS) . The third is a calcium-independent and inducible isoform (iNOS). iNOS, once induced in response to a number of stress-inducing factors such as proinflammatory cytokines, bacterial/viral components, et cetera, produces high amounts of NO (Simmons and Murphy, 1992; Zielasek et al., 1992) . The pathologically high levels of NO produced by iNOS in the CNS are associated with inhibition of mitochondrial functions, rapid glutamate release from both astrocytes and neurons, and excitotoxic death of neurons (Leist et al., 1997; Sequeira et al., 1997; Bal-Price and Brown, 2001) . iNOS expression in reactive astrocytes has been implicated in the development of post-traumatic spinal cord cavitation and neurological impairment (Matsuyama et al., 1998; Suzuki et al., 2001) . Strategies for iNOS inhibition to improve neurological outcome are an active area of investigation in neuroinflammatory diseases.
Studies from our laboratory and others have shown the involvement of sphingolipids such as ceramide and psychosine in the regulation of cytokine-mediated iNOS expression (Pahan et al., 1998b; Fern, 2001; Giri et al., 2002) . In the present study the involvement of glycosphingolipids (GSLs) in the regulation of cytokine-mediated iNOS gene expression was investigated. GSL biosynthesis is initiated by transfer of UDP-glucose onto ceramide by the action of glucosylceramide synthase to form glucosylceramide (GluCer). Lactosylceramide (LacCer) is generated phoresis on 8 or 12% polyacrylamide gels, electro-transferred to a polyvinylidene difluoride (PVDF) filter, and blocked with Tween 20 containing Tris-buffered saline (TBST; 10 mM Trizma base, pH 7.4, 1% Tween 20, and 150 mM NaCl) with 5% skim milk. After incubation with antiserum against iNOS (BD Biosciences PharMingen, San Diego, CA) or H-Ras (Upstate Biotechnology, Lake Placid, NY) or phospho-specific ERK1/2 or pIB (Signal Transduction) in PVDF buffer for 2 hr at room temperature, the filters were washed three times with TBST buffer and then incubated with horseradish peroxidase-conjugated anti-rabbit or mouse IgG for 1 hr. The membranes were detected by autoradiography, using ECL-plus (Amersham Biosciences, Arlington Heights, IL) after being washed with TBST buffer.
Nuclear extraction and electrophoretic mobility shift assay. Nuclear extracts from cells (1 ϫ 10 7 cells) were prepared via a previously published method (Dignam et al., 1983) with slight modification. Cells were harvested, washed twice with ice-cold TBS, and lysed in 400 l of buffer A containing (in mM): 10 KCl, 2 MgCl 2 , 0.5 dithiothreitol plus protease inhibitor mixture (Sigma) and 0.1% Nonidet P-40 in 10 mM HEPES, pH 7.9, for 10 min on ice. After centrifugation at 5000 ϫ g for 10 min the pelleted nuclei were washed with buffer A without Nonidet P-40 and resuspended in 40 l of buffer B containing 25% (v/v) glycerol, 0.42 M NaCl, and (in mM) 1.5 MgCl 2 , 0.2 EDTA, 0.5 dithiothreitol, and Complete protease inhibitor mixture (Roche Molecular Biochemicals, Indianapolis, IN) in 20 mM HEPES, pH 7.9, for 30 min on ice. The lysates were centrifuged at 15,000 ϫ g for 15 min, and the supernatants containing the nuclear proteins were stored at -70°C until use. Nuclear proteins (10 g) were used for the electrophoretic mobility shift assay for the detection of NF-B DNA binding activities. DNA-protein binding reactions were performed at room temperature for 20 min in (in mM) 10 Trizma base, pH 7.9, 50 NaCl, 5 MgCl 2 , 1 EDTA, 1 dithiothreitol, plus 1 g of poly (dI-dC), 5% (v/v) glycerol, and ϳ0.3 pmol of NF-B probe (Santa Cruz Biotechnology, Santa Cruz, CA) labeled with DIG-ddUTP, using terminal deoxynucleotidyl transferase (Roche Molecular Biochemicals). Protein-DNA complexes were resolved from protein-free DNA in 5% polyacrylamide gels at room temperature in 50 mM Tris, pH 8.3, 0.38 M glycine, and 2 mM EDTA and were electroblotted onto positively charged nylon membranes. The chemiluminescent autoradiography detection was performed as suggested by the manufacturer (Roche Molecular Biochemicals), using an alkaline phosphatase-conjugated anti-DIG F ab fragment and disodium-3-[4-methoxyspiro{1,2-dioxetane-3,2Ј-(5Ј-chloro)tricycle[3.3.1.1 37 ]decan}-4-yl]phenyl phosphate (CSPD) (both from Roche Molecular Biochemicals).
Plamids and transient transfections and reporter gene assay. Dominantnegative and constitutively active Ras expression vector (pCMVrasN17 and pCMVrasv12) and B repeat luciferase reporter construct (pNF-BLuc) were purchased from BD Biosciences (San Jose, CA). Then 3 ϫ 10 5 cells/well were cultured in six-well plates for 1 d before the transfection. Transfection was performed with plasmid concentration constant (2.5 g/transfection) and 8 l of Fugene transfection reagent (Roche Molecular Biochemicals). At 24 hr after transfection the cells were placed in serum-free media overnight. After appropriate treatment the cells were washed with PBS, scraped, and resuspended with 100 l of lysis buffer [containing (in mM): 40 tricine, pH 7.8, 50 NaCl, 2 EDTA, 1 MgSO 4 , 5 dithiothreitol plus 1% of Triton X-100]. After incubation at room temperature for 15 min with occasional vortexing, the samples were centrifuged. The luciferase and ␤-galactosidase activities were measured by using a luciferase assay kit (Stratagene, La Jolla, CA) and ␤-gal assay kit (Invitrogen), respectively. The emitted light and optical absorbance was measured with SpectraMax/Gemini XG and SpectraMax 190 (both from Molecular Devices, Sunnyvale, CA).
Quantification of Ras activation. After stimulation the primary astrocytes in six-well plates were washed with ice-cold PBS and lysed in membrane lysis buffer (MLB; 0.5 ml of (in mM) 25 HEPES, pH 7.5, 150 NaCl, 10 MgCl 2 , 1 EDTA, 25 NaF, 1 sodium orthovanadate plus 1% Igepal CA-630, 0.25% sodium deoxycholate, 10% glycerol, and EDTA-free Complete protease inhibitor mixture). After centrifugation (5000 ϫ g) at 4°C for 5 min the supernatant was used for Ras activation assay. Supernatant (100 g) was used for binding with agarose-conjugated Rasbinding domain (RBD) of Raf-1, which was expressed in BL21 (Invitro-gen), Escherichia coli strain, transformed by pGEX-2T-GST-RBD in the presence of 0.1 mM of isopropyl ␤-D-thiogalactoside (IPTG) as described previously (Herrmann et al., 1995) . The binding reaction was performed at 4°C for 30 min in MLB. After being washed with MLB three times, the Ras-RBD complex was denatured by the addition of 2ϫ SDS sample buffer. Ras protein was identified by Western blot analysis with Ras antibodies from Upstate Biotechnology.
Measurement of LacCer synthesis. Cultured cells were incubated in growth medium containing [ 14 C]galactose (5 Ci/ml) for 24 hr as described previously. The medium was removed, and the cell monolayer was washed with sterile PBS. After the stimulation with LPS/IFN-␥ (1 g/ml; 10 U/ml) for various durations, the cells were harvested, washed with ice-cold PBS, and lysed by sonication. Then 200 g of protein was used for extraction of lipids, using chloroform/methanol/HCl (100:100:1). The organic phase was dried under nitrogen. Glycosphingolipids were resolved by high-performance thin-layer chromatography (HPTLC), using chloroform/methanol/0.25% KCl (70:30:4, v/v/v) as the developing solvent. The gel area corresponding to LacCer was scraped, and radioactivity was measured by using Liquiscint (NEN Life Science Products, Boston, MA) as a scintillating fluid.
Identification and analysis of purified LacCer. LacCer from LPS-treated cells was resolved by a silica gel 60 HPTLC plate. Fatty acid methyl ester (FAME) was prepared as described earlier Pahan et al., 1998b) . FAME was analyzed by gas chromatography (Shimadzu GC 17A gas chromatograph, Kyoto, Japan) on a silica capillary column and quantified as a percentage of total fatty acids that were identified. Mass spectrometry data were recorded as Finnegan LCQ classic (ion trap quadrupole) mass spectrometer.
GalT-2 activity assay. The activity of GalT-2 was measured by using [ 3 H]UDP-galactose as the galactose donor and GluCer as the acceptor as described previously (Yeh et al., 2001) . Briefly, the cells were harvested in PBS, and the cell pellets were suspended in Triton X-100 lysis buffer. Cell lysates were sonicated; after protein quantification 100 g of cell lysate was added to reaction mixture containing 20 M cacodylate buffer, pH 6.8, 1 mM Mn/Mg, 0.2 mg/ml Triton X-100 (1:2 v/v), 30 nmol GluCer, and 0.1 mmol UDP-[ 3 H]galactose in a total volume of 100 l. The reaction was terminated by adding 10 l of 0.25 M EDTA, 10 l of 0.5 M KCl, and 500 l of chloroform/methanol (2:1 v/v); the products were separated by centrifugation. The lower phase was collected and dried under nitrogen. After resolution on HPTLC plates the gel was cut out, and radioactivity was measured in a scintillation counter. Assay without exogenous GluCer served as blank, and their radioactivity counts were subtracted from all respective data points.
GalT-2 antisense oligonucleotides. A 20-mer antisense oligonucleotide of the following sequence, 5Ј-CGC TTG AGC GCA GAC ATC TT-3Ј, targeted against rat lactosylceramide synthase (GalT-2) was synthesized by Integrated DNA Technology (Coralville, IA). A scrambled oligonucleotide (5Ј-CTG ATA TCG TCG ATA TCG AT-3Ј) also was synthesized and used as control. Cells were counted and plated 1 d before transfection and the next day were treated with Oligofectamine-oligonucleotide complexes (200 nM oligo; Invitrogen) under serum-free conditions. At 48 hr after transfection the protein levels of GalT-2 were analyzed by using polyclonal antibodies raised against rat GalT-2 (Abjent). The transfected cells were stimulated with LPS/IFN-␥ (1 g/ml), and the levels of nitric oxide were checked 24 hr after stimulation. iNOS mRNA and protein levels were checked at 6 and 24 hr, respectively, after stimulation of the transfected cells.
Reverse transcriptase-PCR amplification. After total RNA extraction with the use of Trizol (Invitrogen) as per the manufacturer's protocol, single-stranded cDNA was synthesized from total RNA. Total RNA (5 g) was treated with 2 U DNase I (bovine pancreas; Sigma) for 15 min at room temperature in 18 l of volume containing 1ϫ PCR buffer and 2 mM MgCl 2 . Then it was inactivated by incubation with 2 l of 25 mM EDTA at 65°C for 15 min. Random primers (2 l) were added and annealed to the RNA according to the manufacturer's protocol. cDNA was synthesized in a 50 l reaction containing 5 g of total RNA and 50 -100 U reverse transcriptase by incubating the tubes at 42°C for 60 min. PCR amplification was conducted in 25 l of reaction mixture with 1.0 l of cDNA and 0.5 mM of each primer under the manufacturer's Taq polymerase conditions (Takara, Takara Shuzo, Kyoto, Japan). The sequences of primers used for PCR amplification are as follows: iNOS (forward, 5Ј-ctccttcaaagaggcaaaaata-3Ј, and reverse, 5Ј-cacttcctccaggatgttgt-3Ј); GalT-2 (forward, 5Ј-tggtacaagctagaggc-3Ј, and reverse, 5Ј-gcatggcacattgaa C-3Ј); glyceraldehyde phosphate dehydrogenase (GAPDH; forward, 5Ј-cgggatcgtggaagggctaatga-3Ј, and reverse, 5Ј-cttcacgaagttgtcattgagggca-3Ј); TNF-␣ (forward, 5Ј-ccgagatgtggaactggcaga g-3Ј, and reverse, 5Ј-cggagaggaggctgactttctc-3Ј); and IL-1␤ (forward, 5Ј-ccacctcaatggacagaacat-3Ј, and reverse, 5Ј-ccatctttaggaagacacgggt-3Ј). The PCR program included preincubation at 95°C for 4 min, amplification for 30 cycles at 94°C for 1 min plus 50°C annealing for 1 min plus 74°C extension for 1 min, and a final 74°C for a 10 min extension. Then 10 l of the PCR products was separated on 1.2% agarose gel and visualized under UV.
Real-time PCR. Total RNA isolation from rat spinal cord sections was performed by using Trizol (Invitrogen) according to the manufacturer's protocol. Real-time PCR was conducted with the Bio-Rad iCycler (iCycler iQ Multi-Color Real-Time PCR Detection System). Singlestranded cDNA was synthesized from total RNA as described. The primer sets for use were designed (Oligoperfect Designer, Invitrogen) and synthesized from Integrated DNA Technologies. The primer sequences for iNOS were as follows: (forward, 5Ј-gaaagaggaacaactactgct ggt-3Ј, and reverse, 5Ј-gaactgagggtacatgctggagc); GAPDH (forward, 5Ј-cctacccccaatgtatccgttgtg-3Ј, and reverse, 5Ј-ggaggaatgggagttgctgttgaa-3Ј); TNF-␣ (forward, 5Јcttctgtctactgaacttcggggt-3Ј, and reverse, 5Ј-tgg aac tga tga gag gga gcc-3Ј); and IL-1␤ (forward, 5Ј-gagagacaagca acgacaaaatcc-3Ј, and reverse, 5Ј-ttcccatcttcttctttgggt att-3Ј). IQTM SYBR Green Supermix was purchased from Bio-Rad. Thermal cycling conditions were as follows: activation of DNA polymerase at 95°C for 10 min, followed by 40 cycles of amplification at 95°C for 30 sec and at 58.3°C for 30 sec. The normalized expression of target gene with respect to GAPDH was computed for all samples by using Microsoft Excel data spreadsheet.
Induction of SCI in rats. Sprague Dawley female rats (225-250 gm weight) were purchased (Harlan Laboratories, Durham, NC) for the induction of SCI. All rats were given water and food pellets ad libitum and maintained in accordance with the Guide for the Care and Use of Laboratory Animals of the US Department of Health and Human Services (National Institutes of Health, Bethesda, MD). We used a clinically relevant weight-drop device for the induction of SCI in rats as described earlier (Gruner, 1992) . Briefly, the rats were anesthetized by intraperitoneal administration of ketamine (80 mg/kg) plus xylazine (10 mg/kg), followed by laminectomy at T12. While the spine was immobilized with a stereotactic device, injury (30 gm/cm force) was induced by dropping a weight of 5 gm from a height of 6 cm onto an impounder gently placed on the spinal cord. Sham-operated animals underwent laminectomy only. After recovery from anesthesia the animals were evaluated neurologically and monitored for food and water intake. However, no prophylactic antibiotics or analgesics were used to avoid their possible interactions with the experimental therapy of SCI.
Treatment of SCI. Rats received the glycosphingolipid inhibitor, PDMP (Matreya), at various time points after SCI. PDMP was dissolved in 5% Tween 80 in saline and diluted with sterile saline (0.85% NaCl) at the time of intraperitoneal administration to sham and SCI rats. Animals (six per group) were selected randomly to form four different groups: vehicle-treated (5% Tween 80 in saline) sham (laminectomy only) and SCI, and PDMP-treated (20 mg/kg in 5% Tween 80) sham and SCI. The first dose of PDMP was administered (10 and 30 min and 1, 2, and 12 hr) after SCI, followed by the second dose at 24 hr (day 1), third dose at 48 hr (day 2), and fourth dose at 72 hr (day 3) after SCI. Animals were killed under anesthesia at 1, 4, 12, 24, 48, and 72 hr after treatment.
Assessment of neurological (functional) recovery was performed by an open-field test via the 21 point Basso, Beattie, Bresnahan (BBB) locomotor rating scale (Basso et al., 1996) until day 15 after SCI. The animals were observed by a blinded observer before assignment of grade.
Preparation of spinal cord sections. Rats were anesthetized and decapitated. Spinal cord sections with the site of injury as the epicenter (lesion epicenter) were extracted carefully from VHC-treated sham and SCI as well as PDMP-treated sham and SCI animals. Tissue targeted to be used for RNA and protein extraction was homogenized immediately in Trizol (Invitrogen), snap-frozen in liquid nitrogen, and stored at Ϫ80°C until further use. Total RNA was extracted as per the manufacturer's protocol and used for cDNA synthesis as described earlier. Sections of spinal cord to be used for histological examination as well as immunohistochemistry were fixed in 10% neutral-buffered formalin (Stephens Scientific, Riverdale, NJ) The tissues were embedded in paraffin and sectioned at 4 m thickness.
Immunohistochemical analysis. Spinal cord sections were deparaffinized and rehydrated sequentially in graded alcohol. Slides were boiled in antigen unmasking fluids (Vector Laboratories, Burlingame, CA) for 10 min, cooled in the same solution for another 20 min, and then washed three times for 5 min each in Tris-sodium buffer (0.1 M Tris-HCl, pH 7.4, 0.15 M NaCl) with 0.05% Tween 20 (TNT). Sections were treated with trypsin (0.1% for 10 min) and immersed for 10 min in 3% hydrogen peroxide to eliminate endogenous peroxidase activity. Sections were blocked in Tris sodium buffer with 0.5% blocking reagent (TNB; supplied with TSA-Direct kit, NEN Life Science Products) for 30 min to reduce nonspecific staining. For immunofluorescent labeling the sections were incubated overnight with anti-iNOS, TNF-␣, or IL-1␤ antibody (1:100; mouse monoclonal, Santa Cruz), followed by antibodies against the astrocyte marker glial fibrillary acidic protein (GFAP; 1:100; rabbit polyclonal, Dako, Kyoto, Japan) for 1 hr (in case of double staining). Anti-iNOS was visualized by fluorescein isothiocyanate-conjugated (FITC) anti-mouse IgG (1:100, Sigma) and GFAP, using tetramethylrhodamine isothiocyanate-conjugated (TRITC) anti-rabbit IgG (1:100; Sigma). The sections were mounted in mounting media (EMS, Fort Washington, PA) and visualized by immunofluorescence microscopy (Olympus, Melville, NY) with Adobe Photoshop software. Rabbit polyclonal IgG was used as control primary antibody. Sections also were incubated with conjugated FITC anti-rabbit IgG (1:100; Sigma) or TRITC-conjugated IgG (1:100) without the primary antibody as negative control. Hematoxylin and eosin (H&E) staining was performed as described by Kiernan (1990) . Luxol fast blue (LFB)-PAS was performed according to Lassmann and Wisniewski (1979) .
Fluorescent terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling assay. Terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end labeling (TUNEL) assay was performed by using Apoptag Fluorescein In Situ Apoptosis detection kit (Serological Corporation, Norcross, GA) according to the manufacturer's protocol. For double labeling, the sections were incubated with mouse anti-neuronal nuclei 1:100 (NeuN, Chemicon, Temecula, CA). Sections were incubated with TRITC-conjugated mouse IgG 1:100 (Sigma), mounted in mounting media, and visualized by fluorescence microscopy.
Statistical analysis. All values shown in the figures are expressed as the mean Ϯ SD obtained from at least three independent experiments. The results were examined by one-and two-way ANOVA; then individual group means were compared with the Bonferroni test. A p value Ͻ0.05 was considered significant.
Results

LPS/IFN-␥-induced NO production and iNOS gene expression are mediated by GSL
LPS/IFN-␥ stimulation of primary astrocytes resulting in iNOS gene expression is a complex multi-step process. In the present study we tested whether GSLs somehow were involved in iNOS induction. Primary astrocytes pretreated for 0.5 hr with several concentrations of the glycosphingolipid inhibitor PDMP (0, 10, 25, and 50 M), followed by stimulation with LPS/IFN-␥ (1 g/ ml; 10 U/ml), showed a dose-dependent decrease in the production of NO as well as mRNA and protein levels of iNOS (Fig. 1 A) . However, in the presence of increasing doses of LacCer, PDMPmediated inhibition of NO production and iNOS gene expression (Fig. 1 B) was blunted. To prove that this was a LacCerspecific effect, we also exogenously supplemented other glycosphingolipid derivatives. However, the presence of GluCer (Fig. 2 A) , GalCer (Fig. 2 B) , or gangliosides GM 1 (Fig. 2C) , GM 3 (Fig. 2 D) , and GD 3 (Fig. 2 E) did not reverse PDMP-mediated inhibition of LPS/IFN-␥-induced NO production as LacCer, provided exogenously, did. These studies indicate that a metabolite of the glycosphingolipid pathway, LacCer, may play a role in the regulation of LPS/IFN-␥-mediated induction of iNOS gene expression and NO production.
LPS/IFN-␥ stimulation results in increased synthesis and altered fatty acid composition of LacCer
To understand the mechanism of LPS/IFN-␥-induced iNOS gene expression by LacCer, we quantified the in situ levels of lactosylceramide. [
14 C]LacCer was resolved and characterized by Rf value, using commercially available standard LacCer by HPTLC as described in Materials and Methods. As shown in Figure 3A , a sharp increase in [ 14 C]LacCer levels was observed within 2-5 min after stimulation with LPS/IFN-␥. With LPS/IFN-␥ stimulation the LacCer levels increased ϳ1.5-fold of those observed in unstimulated cells. Inhibition of LacCer synthase (GalT-2, the enzyme responsible for LacCer biosynthesis) by PDMP inhibited this increase in [
14 C]LacCer biosynthesis after LPS/IFN-␥ stimulation. Additionally, when GalT-2 activity was assayed after LPS/IFN-␥ stimulation, a rapid increase in enzyme activity with a peak at 5 min after LPS/IFN-␥ stimulation was observed (Fig.  3B) . The role of GalT-2 and its product LacCer in iNOS gene regulation was confirmed further by silencing GalT-2 gene with the use of antisense (AS) DNA oligomers against rat GalT-2 mRNA and a sequence-scrambled (Scr) oligomer as a control. As shown in Figure 3C , diminished protein levels of GalT-2 by AS GalT-2 oligonucleotides correlated with diminished synthesis of [
14 C]LacCer with LPS/IFN-␥ stimulation. Silencing of GalT-2 with AS oligomers decreased the LPS/IFN-␥-mediated NO production (Fig. 3D) and iNOS mRNA and protein levels (Fig. 3E) , (10, 25, and 50 M) on NO production and the induction of iNOS mRNA and protein expression after 6 hr (for iNOS mRNA level) or 24 hr (for iNOS protein and NO levels) after LPS/IFN-␥ (1 g/ml; 10 U/ml) stimulation. The cells were pretreated with PDMP for 0.5 hr before LPS/IFN-␥ stimulation. B, The effect of LacCer on PDMPmediated inhibition of iNOS gene expression in astrocytes was examined also. The cells were pretreated with PDMP (50 M) and/or LacCer (5 and 10 M) for 0.5 hr before LPS/IFN-␥ stimulation. NO production and iNOS mRNA and protein levels were quantified at 6 and 24 hr after LPS/IFN-␥ stimulation, respectively. Levels of GAPDH were used as an internal standard for mRNA levels. The procedures for measurement of mRNA and of protein and NO are described in Materials and Methods. Data are represented as the mean Ϯ SD from three independent experiments. ***p Ͻ 0.001 in A and B compared with unstimulated control; **p Ͻ 0.01 in A compared with LPS/IFN-␥-stimulated cells. whereas supplementing LacCer exogenously reversed the inhibition, presumably because the signaling events downstream of LacCer could be triggered with the addition of LacCer. In addition to iNOS, inhibition of LacCer synthesis with LPS/IFN-␥ stimulation by using AS oligonucleotides also suppressed the mRNA expression of two other potent proinflammatory cytokines, TNF-␣ and IL-1␤ (Fig. 3E) , both of which are known to be critical players in causing secondary damage by inducing inflammation in neurological disorders (Andersson et al., 1992; Renno et al., 1995; Saklatvala et al., 1996; Perry et al., 2001) . The ASmediated inhibition of the expression of these inflammatory cytokines also was reversed by exogenous supplementation of LacCer, suggestive of the fact that, along with iNOS expression, LacCer may exacerbate inflammation in general by mediating expression of potent inflammatory mediators. Furthermore, to investigate the possible role of LacCer and GalT-2 in iNOS gene regulation, we also investigated LacCer, isolated and purified from these experiments, for its compositional and structural study. Furthermore, LPS/IFN-␥-stimulated cells had increased levels (measured as a percentage of total fatty acids) of saturated fatty acids including 14:0 (167%), 16:0 (65.8%), 18:0 (7.3%), and 20:0 (5.7%) when compared with unstimulated cells. Taken together, the data from the GC and MS confirmed that LacCer from LPS/ IFN-␥-stimulated cells has three major species consisting of stearic, oleic, and palmitic acids.
LacCer-mediated regulation of LPS/IFN-␥-induced iNOS gene expression is reactive oxygen species-dependent
To elucidate further the mechanism of LacCer-mediated regulation of LPS/IFN-␥-induced cellular signaling for induction of iNOS expression, we investigated whether these events are reactive oxygen species-mediated (ROS-mediated). An earlier report by Pahan et al. (1998a) has shown LPS/cytokine-induced iNOS gene expression and NO production to be ROS-mediated (e.g., H 2 O 2 , O 2 -and OH . ); however, the source of ROS production has not been defined clearly so far. Furthermore, a number of reports have shown that LacCer can stimulate superoxide production and generate oxidative stress in endothelial cells and neutrophils Iwabuchi and Nagaoka, 2002) . In primary astrocytes, pretreatment with increasing concentrations of the membrane-permeant antioxidant NAC, a ROS scavenger and precursor for glutathione (Pahan et al., 1998a) , and PDTC, another antioxidant, blocked LPS/IFN-␥-induced NO production and iNOS protein and mRNA expression (Fig. 4 A) . As shown in Figure 4 B, despite the supplementation of LacCer exogenously, the NAC-and PDTC-mediated inhibition of LPS/IFN-␥-stimulated iNOS gene expression was not reversed. Furthermore, although LacCer could reverse PDMP-mediated inhibition of iNOS gene expression and NO production effectively, in the presence of NAC and PDTC LacCer was not able to reverse PDMPmediated inhibition of iNOS expression (Fig. 4C) . These results clearly indicate that LacCer regulates LPS/IFN-␥-induced iNOS gene expression via a ROS-dependent mechanism because, in the presence of antioxidants, the signaling cascade is blocked, as is iNOS expression.
Activation of small GTPase Ras and ERK1/2 is involved in LacCer-mediated regulation of LPS/IFN-␥-induced iNOS gene expression and is ROS-dependent
Because a recent study indicated that small GTPase Ras is critical for LPS/IFN-␥-induced iNOS gene expression (Pahan et al., 2000) , compounded with the fact that this protein is redoxsensitive (Lander et al., 1995) , the role of Ras in LacCer-mediated regulation of iNOS expression was investigated. Transient transfection with dominant-negative Ras, DN-Ras (hras N17 mutant), inhibited LPS/IFN-␥-mediated iNOS gene expression that could not be reversed by supplementation of exogenous LacCer. The inability of exogenous LacCer to bypass the inhibition by DN-Ras demonstrated that Ras is necessary for LacCer-mediated iNOS gene expression and suggests that Ras is downstream of LacCer in the signaling cascade that induces iNOS expression and NO production (Fig. 5A) . Moreover, transient transfection with constitutively active Ras, CA-Ras (hras G12V mutant), completely bypassed PDMP-mediated inhibition of iNOS gene expression and NO production (Fig. 5B) , which substantiated further the conclusion that functional Ras downstream of LacCer is critical for mediating the induction of iNOS expression. Because neither DN-Ras nor CA-Ras had any effect on LPS/IFN-stimulated [ 14 C]LacCer synthesis, the possible role of Ras in regulating LacCer synthesis was ruled out (Fig. 5C ).
As expected, the stimulation of cells with LPS/IFN-␥ enhanced the activation of Ras (maximal activation was detected within 5 min after LPS/IFN treatment; Fig. 5D ). This LPS/IFN-␥-mediated activation of Ras was reduced by pretreatment with the GSL inhibitor PDMP, which was reversed fully by the addition of LacCer, indicating that LacCer mediates iNOS gene expression by activation of Ras. Furthermore, LacCer-mediated Ras activation was inhibited with pretreatment with NAC and PDTC, thus showing that LacCer-mediated Ras activation is ROSmediated (Fig. 5E ). In addition to Ras, activation of ERK1/2 (which are downstream targets of Ras) also was observed with LPS/ IFN-␥ stimulation. Pretreatment with PDMP inhibited the LPS/ IFN-␥-induced phosphorylation of ERK1/2, which was reversed in the presence of exogenous LacCer (Fig. 5F ). Additionally, inhibition of a kinase responsible for ERK phosphorylation and activation, MEK1/2, by PD98059 resulted in inhibition of NO production and iNOS expression, further proving the involvement of ERK pathway in iNOS gene expression (Fig. 5G) . Supplementation of exogenous LacCer had no effect on PD98059-mediated inhibition of iNOS gene expression, thus placing LacCer upstream of the MEK/ERK cascade as a second messenger molecule mediating the regulation of LPS/IFN-␥-induced iNOS gene expression through this pathway. These findings suggest that LacCer regulates iNOS gene expression via ROS-mediated activation of the small GTPase Ras/ MEK/ERK pathway.
The role of NF-B in LacCer-mediated regulation of iNOS gene expression
Because the activation of NF-B is necessary for the induction of iNOS (Xie et al., 1994) and Ras is involved in NF-B activation resulting in iNOS expression (Pahan et al., 2000) , the observed inhibition of LPS/IFN-␥-mediated iNOS gene expression by PDMP in rat primary astrocytes may be attributable to the inhibition of NF-B. To demonstrate this possibility, we observed the effect of PDMP on luciferase activity in B-repeat luciferasetransfected cells. LPS/IFN-␥-induced luciferase activity was abolished with PDMP pretreatment and was bypassed effectively by exogenously supplemented LacCer (Fig. 6 A) . As shown in Figure  6 B, NF-B DNA binding activity tested by electrophoresis mo- (5, 10 mM) and PDTC (50, 100 M) pretreatment 1 hr before LPS/IFN stimulation was analyzed; NO production and the induction of iNOS mRNA and protein expression were examined after 6 hr (for iNOS mRNA) or 24 hr (for iNOS protein and NO levels) after LPS/IFN-␥ (1 g/ml; 10 U/ml) stimulation. B, The effect of LacCer on NAC-and PDTC-mediated inhibition of iNOS gene expression was analyzed also. The cells were pretreated with NAC (10 mM) or PDTC (100 M) for 1 hr before LPS/IFN-␥ and LacCer stimulation. NO production and iNOS protein and mRNA levels were quantified at 24 and 6 hr after LPS/IFN-␥ stimulation, respectively. C, NAC and PDTC were pretreated at 1 hr and PDMP/LacCer at 0.5 hr before LPS/ IFN-␥ stimulation, after which NO production and iNOS protein and mRNA levels were analyzed. Data are represented as the mean Ϯ SD of three independent experiments. ***p Ͻ 0.001 in A compared with LPS/IFN-stimulated cells without NAC.
# p Ͻ 0.001 in A compared with LPS/IFNstimulated cells without PDTC.
bility shift assay was inhibited by increasing doses of PDMP but was reversed in the presence of exogenous LacCer. Specificity of NF-B probe binding was proven by using 50ϫ cold probe, which out-competed labeled NF-B binding activity. Because IB phosphorylation and degradation are required for NF-B activation and translocation to the nucleus, phosphorylated IB levels were examined also. Decreased phosphorylation of IB was observed in the presence of PDMP. However, when LacCer was added, the levels of phosphorylated IB were increased, which correlated with increased NF-B nuclear translocation and DNA-binding activity (Fig. 6C) . These results show that LacCer may mediate transcriptional regulation of LPS/IFN-␥-induced iNOS gene expression via the IB/NF-B pathway.
Attenuation of tissue destruction and demyelination by treatment with PDMP after SCI
To test the physiological relevance of our observations and investigate further the role of LacCer in the induction of iNOS in neuroinflammatory diseases, we examined the effect of PDMP in the rat SCI model. PDMP (20 mg/kg) was administered at various time points (10, 15, and 30 min and 1, 2, and 12 hr) after SCI, and the spinal cord tissue was fixed and analyzed 24 hr after SCI. SCI induced white matter vacuolization, and tissue necrosis (Fig. 7B) observed by histological examination of injured rat spinal cord sections was decreased markedly in tissue sections of PDMPtreated SCI rats. Treatment with PDMP for 10 min (Fig. 7D) , 30 min (Fig. 7E), 1 hr (Fig. 7F ) , and 2 hr (Fig. 7F ) was efficacious in protecting against tissue damage compared with VHC-treated SCI (Fig. 7B) . Treatment with PDMP 12 hr after SCI showed some damage but still was able to provide a substantial amount of protection against tissue destruction compared with VHC-treated SCI (Fig.  7H) . The weight-drop injury is known also to result in a loss of myelin, resulting in locomotor dysfunction of the hindlimbs (Suzuki et al., 2001) . LFB staining of spinal cord sections for myelin from VHC-treated SCI rats showed profound demyelination (Fig. 7J) , which also was attenuated by PDMP treatment until 12 hr after SCI (Fig. 7P) . Taken together, these results document that treatment with PDMP protects against white matter vacuolization, tissue destruction, and demyelination after SCI and is effective when administered within minutes or until 12 hr after SCI. A, Dominant-negative Ras (DN-Ras) was transfected transiently in primary astrocytes, followed by stimulation with LPS/IFN-␥ and/or LacCer. NO production and iNOS protein and mRNA levels were analyzed as described previously. B, Constitutively active Ras (CA-Ras) was transfected transiently, followed by PDMP pretreatment 0.5 hr before LPS/IFN-␥ stimulation. NO production and iNOS protein and mRNA expression are shown. C, After transient transfection with DN-Ras and CA-Ras, synthesis of [ 14 C]LacCer with LPS/IFN-␥ stimulation of primary astrocytes was analyzed as described in Materials and Methods. Ras activation was examined by using GST-tagged Raf-1 Ras binding domain (GST-RBD) as described in Materials and Methods. D, Ras activation was checked after LPS/IFN-␥ stimulation for different durations of time. After pretreatment with LacCer and/or PDMP (50 M) for 0.5 hr followed by LPS/IFN-␥ stimulation for 5 min, cell lysates were used to assay levels of activated Ras, which also is represented as a graph after densitometric analysis of the autoradiograph. E, After pretreatment with NAC (10 mM) or PDTC (100 M) for 1 hr followed by LacCer stimulation for 5 min, cell lysates were used to assay levels of activated Ras, which also is represented as a graph after densitometric analysis of the autoradiograph. F, ERK1/2 activation was assayed with pretreatment of cells with LacCer and/or PDMP for 0.5 hr, followed by stimulation with LPS/IFN-␥ for 20 min; immunoblot analysis used anti-phosphorylated ERK1/2 antibodies as described in Materials and Methods. G, For the examination of MEK/ERK pathway involvement, after pretreatment for 0.5 hr with PD98059 (a MEK1/2 inhibitor) followed by stimulation with LPS/IFN-␥ for 24 hr, NO production and iNOS protein levels were assayed.
PDMP treatment after SCI shows improved locomotor function
Necrosis and apoptosis, which develops in a delayed manner, are reported to play an important role in secondary injury after SCI, especially because neurological deficit to a large extent is determined by the lesion size in the white matter (Wrathall, 1992; Wrathall et al., 1996) . The locomotor function of rats after SCI was assessed on the basis of the 21 point BBB score that evaluates various criteria of hindlimb mobility after SCI (Basso et al., 1996) . The first dose of PDMP was administered 10 min after SCI, the second dose at 24 hr (day 1) after SCI, the third dose at 48 hr (day 2) after SCI, and the last dose at 72 hr (day 3) after SCI. From day 4 until day 15 after SCI the rats were cared for without treatment and monitored for locomotor functions. As shown in Figure 8 A, all animals started with a normal score of 21 pre-spinal cord injury (pre-SCI). The score plummeted to 0 at day 1, with bilateral hindlimb paralysis in all animals after SCI. However, PDMPtreated animals regained hindlimb function much sooner than the VHC-treated animals. PDMP-treated rats showed a score of 6.9 Ϯ 0.2 at day 3 after SCI, which reflects extensive movement of hip, knee, and ankle; however, the VHC-treated rats showed profound hindlimb paralysis, with a score of 0.9 Ϯ 0.2 with no observable hindlimb movement. Even when PDMP treatment was stopped at day 3 after SCI, the PDMP-treated SCI rats steadily gained hindlimb function. At day 15 after SCI the PDMP-treated rats had a BBB score of 13.9 Ϯ 0.1, demonstrating consistent weight-supported plantar steps and forelimb-hindlimb (FL-HL) coordination. The improved locomotor functions at days 2 and 3 with PDMP treatment also correlated with reduced tissue necrosis (Fig. 8 F, G, respectively) and demyelination ( Fig.  8 L, M, respectively) at the lesion epicenter. Spinal cord sections from VHC-treated rats at days 2 and 3 after SCI showed a large necrotic core at the lesion epicenter (Fig. 8C,D, respectively) and The cellular luciferase activity was measured as described in Materials and Methods. B, The NF-B DNA binding activity was detected by gel shift assay, using 10 g of nuclear extract from cells pretreated for 0.5 hr with LacCer and/or increasing doses of PDMP, followed by stimulation with LPS/IFN-␥ for 45 min. C, The cytoplasmic extract was used to detect the levels of phosphorylated IB and total IB levels by immunoblot, using antibodies against phosphorylated IB and total IB. Data are represented as the mean Ϯ SD of three independent experiments. ( D-H) ; also shown is LFB-PAS staining for myelin in VHC-treated sham ( I ), VHC-treated SCI ( J), PDMPtreated sham ( K), and PDMP-treated SCI ( L-P) at 24 hr after SCI. PDMP was administered intraperitoneally at the indicated times (10 and 30 min and 1, 2, and 12 hr) after SCI; tissue sections were extracted and analyzed at day 1 (24 hr) after SCI.
profound demyelination (Fig. 8 I, J, respectively) . The VHCtreated SCI rats showed very slow recovery of hindlimb motor function as well, with a BBB score of 6.7 Ϯ 0.4 at day 15 after SCI. These results clearly demonstrate the efficacy of PDMP in reducing SCI-induced pathology possibly via attenuation of post-SCI inflammation, resulting in improved functional outcome.
Efficacy of PDMP in controlling inflammation and iNOS induction in SCI
Secondary damage as a result of inflammation in response to primary injury is widely believed to exacerbate the impact of the primary injury and impede neuronal recovery. Inflammation composed of proinflammatory cytokine expression and iNOS, TNF-␣, and IL-1␤ gene expression resulting in NO production by reactive astrocytes and macrophages significantly contributes to apoptosis, axonal destruction, and functional deficit in SCI (Wada et al., 1998a,b) . To demonstrate the possibility that protection against white matter destruction and demyelination by PDMP might be via attenuation of iNOS expression, we analyzed iNOS expression after SCI. As shown in Figure 9 , a robust induction of iNOS mRNA as measured by real-time PCR (Fig. 9A ) and protein expression (Fig. 9B) is observed 12 hr after SCI in the VHC-treated SCI group compared with the naive or shamoperated animals. PDMP treatment after SCI markedly suppressed this increase in iNOS gene expression. Doubleimmunofluorescence analysis of spinal cord sections from the lesion epicenter of VHC-treated SCI rats showed a significant increase in GFAP, a marker for reactive astrogliosis (Fig. 9F ) , and iNOS (Fig. 9G ) levels and their colocalization (Fig. 9H ) , at 24 hr after SCI, whereas PDMP-treated SCI rats showed significantly reduced GFAP (Fig. 9L ) as well as iNOS (Fig. 9M ) expression and their colocalization (Fig. 9N ) , thus demonstrating the efficacy of PDMP in vivo in attenuating iNOS gene expression as well as reactive astrogliosis. In addition to iNOS induction, treatment with PDMP was equally effective in suppressing the expression of proinflammatory cytokines such as TNF-␣ and IL-1␤. A robust increase in mRNA levels of TNF-␣ at 1 hr (Fig. 10 A) and IL-1␤ at 4 hr (Fig. 10 B) after SCI was observed that was inhibited markedly with PDMP treatment. Immunofluorescence detection showed increased protein levels of TNF-␣ (Fig. 10 D) and IL-1␤ (Fig. 10 H) after SCI in the VHC-treated SCI group, which was suppressed significantly with PDMP treatment (Fig. 10 F, J, respectively) . These studies demonstrate the efficacy of PDMP in attenuating iNOS expression by reactive astrocytes at the site of lesion in an in vivo model of SCI. In addition to iNOS, PDMP also attenuated the production of proinflammatory cytokines such as TNF-␣ and IL-1␤, both of which initiate deadly cascades, causing neuronal apoptosis and massive secondary injury in SCI. The observed anti-inflammatory potential of PDMP finds critical relevance in a number of other neuroinflammatory diseases as well, because iNOS, TNF-␣, and IL-1␤ expression and their related pathology are common to a number of CNS diseases.
Attenuation of apoptosis and demyelination by attenuation of iNOS gene expression after SCI by PDMP
With respect to spinal cord impairment after trauma at the molecular level, NO has been reported to be involved closely in the development of post-traumatic cavitation, neuronal death, axonal degeneration and myelin disruption. Significantly numerous TUNELpositive cells were scattered in the lesion epicenter after SCI (Fig.  11E ), which were identified to be neurons by doubleimmunofluorescence staining via the use of anti-neuronal nuclei (NeuN) antibodies (Fig. 11D,F) . PDMP had a dual beneficial effect in the rat model of SCI. It could attenuate iNOS and proinflammatory cytokine expression after SCI; furthermore, as shown in Figure  11J -L, it also provided protection against apoptosis of neurons. This is of significant importance because no adverse effect of PDMP was observed on neuronal survival in sham-operated animals ( Fig. 11G-I) , showing that the dose that was administered effectively attenuated inflammation without any obvious adverse effects, which also translates in reduced SCI-related pathology in terms of neuronal loss. Taken together, these studies document the anti-inflammatory potential of PDMP in SCI and possibly other neuroinflammatory disorders, because it effectively can block inflammatory events such as iNOS and cytokine expression, thus providing protection against white matter vacuolization, neuronal apoptosis, and demyelination. A, BBB locomotor scores of PDMP-and VHC-treated SCI animals at various days after contusion injury. Normal locomotion is represented by 21; 0 represents no observable movement. An increase in BBB score reflects a gain in hindlimb function and recovery. Histology and myelin content examination of spinal cord sections from the lesion epicenter of sham and SCI rats at days 2 and 3 after SCI. Shown is H&E examination of spinal cord sections from VHC-treated sham ( B), VHC-treated SCI at day 2 ( C), and VHC-treated SCI at day 3 after SCI ( D); PDMP-treated sham ( E), PDMP-treated SCI at day 2 ( F), and PDMP-treated SCI at day 3 after SCI ( G). Also shown is LFB-PAS staining for myelin in VHC-treated sham ( H ), VHC-treated SCI at day 2 ( I ), and VHC-treated SCI at day 3 after SCI ( J); PDMP-treated sham ( K), PDMP-treated SCI at day 2 ( L), and PDMP-treated SCI at day 3 after SCI ( M ). Dose 1 of PDMP was administered 10 min after SCI, dose 2 at day 1 (24 hr), dose 3 at day 2 (48 hr), and dose 4 at day 3 (72 hr) after SCI. Tissue sections were extracted and analyzed at day 2 (48 hr) and day 3 (72 hr) after SCI. Data are represented as the mean Ϯ SD; ***p Ͻ 0.001 in A compared with VHC-treated SCI at day 3 and # p Ͻ 0.001 in A compared with VHC-treated SCI at day 15 after SCI.
Discussion
Nitric oxide-mediated pathophysiology is common to a number of neuroinflammatory diseases, including stroke and SCI. Because the factors that induce and regulate iNOS gene expression in inflammatory diseases are not known completely, in this study we investigated the involvement of GSL and demonstrated a novel pathway of iNOS gene regulation by LacCer-mediated events involving the Ras/ERK1/2 and the IB/NF-B pathways in primary astrocytes. These conclusions are based on the following findings.
(1) LPS/IFN-␥ stimulation induced the activity of GalT-2 and increased the production of LacCer. (2) The inhibition of GSL synthesis by PDMP or antisense oligonucleotides to GalT-2 inhibited iNOS gene expression that was reversed by LacCer, but not by other GSLs (GluCer, GalCer, GM 1 , GM 3 , and Figure 12 shows a schematic representation of the possible regulation of the Ras/ERK/ NF-B pathways by LacCer. Activation of the small GTPase Ras could be via the direct activation of Src kinases associated with the LacCer-enriched glycosphingolipid-signaling domains (GSDs) present on the cell surface. A number of studies have shown that several transducer molecules such as Src kinase associate with these GSDs and form functional units that mediate signal transduction and cellular functions (Brown and London, 1998) . In particular, an Src kinase, Lyn, has been found to associate directly with LacCer, resulting in superoxide generation via NADPH oxidase activation in neutrophils (Iwabuchi and Nagaoka, 2002) . Src kinase activation possibly leading to ROS generation may be followed by Grb/SOS-mediated Ras activation that triggers the downstream MEK1/2-ERK1/2 pathway. Activation of the small G-protein Ras and the downstream ERK1/2 has been demonstrated earlier to mediate cytokine-induced iNOS gene expres- sion and NF-B activation (Pahan et al., 1998b; Marcus et al., 2003) . Because Rasmediated NF-B regulation has been demonstrated earlier (Won et al., 2004) , LacCermediated activation of the IB-NFB pathway well could be mediated by Ras activation. The critical role for NF-B in the transcriptional regulation of iNOS gene expression via phosphorylation and degradation of I-B also has been demonstrated earlier (Pahan et al., 1998b) . Furthermore, the potentiation of cytokine-mediated expression of iNOS by sphingolipids has been well documented (Pahan et al., 1998b; Giri et al., 2002) . The data presented in this study identify a glycosphingolipid, LacCer, as a signaling molecule regulating iNOS gene expression. In addition, the blockade of SCImediated iNOS and of proinflammatory gene expression of cytokines in the rat SCI model by PDMP further establishes LacCer, generated via GalT-2 stimulation, to be a potent signaling lipid molecule that triggers inflammation and mediates NOmediated pathophysiology in various neuroinflammatory diseases.
Since the discovery of the sphingomyelin (SM) cycle, which involves sphingomyelin hydrolysis by sphingomyelinases (SMases) resulting in ceramide generation, several inducers (1a,25 dihydroxyvitamin D3, radiation, antibody cross-linking, TNF-␣, IFN-␥, IL-1␤, nerve growth factor, and brefeldin A) have been shown to be coupled to sphingomyelin-ceramide signaling events (Hannun, 1994; Kolesnick et al., 1994; Kanety et al., 1995; Linardic et al., 1996) . Ceramide thus generated plays a role in growth suppression and apoptosis in various cell types, including glial and neuronal cells (Brugg et al., 1996; Wiesner and Dawson, 1996) . Impairment of mitochondrial function results in enhanced production of ROS and a decrease in mitochondrial glutathione levels. Depletion of glutathione has been established as one of the major causes of ceramideinduced cytotoxicity/apoptosis in CNS . Ceramide generated as result of neutral sphingomyelinase activation has been shown to potentiate LPS-and cytokine-mediated induction of iNOS in astrocytes and C6 glioma cells (Pahan et al., 1998b) . Furthermore, ceramide generation and its mediated iNOS gene expression are known to be through the Ras/ERK/NF-B pathway, which is shown to be a redox-sensitive process (Pahan et al., 1998b; . Instead of enzymes of sphingolipid metabolism being viewed as isolated signaling modules, these pathways now are accepted to be highly interconnected, with the product of one enzyme serving as a substrate for the other. This is also true of ceramide generated via the SM cycle or de novo, because ceramide can be converted into other bioactive molecules such as sphingosine, sphingosine-1-phosphate (S-1-P), or glycosphingolipids. The complexity of these bioactive sphingolipids is accentuated by growing evidence of the presence of ceramide and other derivatives such as LacCer and gangliosides in lipid-enriched microdomains within membranes. These microdomains, called "lipid rafts," have a number of receptors and signaling molecules clustered within or associated with them, thus making them hot spots for signaling events (Hakomori and Handa, 2003) . The metabolic interconnections of 
